Abstract A new coaxial pulsed plasma thruster (PPT) laboratory model is designed and employed in this study. A Teflon sleeve is connected with the anode, which is shaped as a nozzle, and a cathode is mounted in the cavity of the Teflon sleeve and kept in close contact with it. A thread is then designed in the internal surface of the Teflon sleeve, and because of the strong field strength of the cathode triple junction (CTJ), vacuum flashover occurs and a plasma jet is acquired behind the anode. The electric field distribution of the designed coaxial PPT laboratory model is simulated by MAXWELL 3D simulation software, and the plasma density and thrust are measured by a Langmuir probe and a piezoelectric thin-film sensor, respectively. Through a series of comparative experiments, we discuss the impact of optimal designs, such as the thread and the nozzle-shaped anode, on the discharge characteristics of the coaxial PPT. The experimental and simulation results indicate that the designed coaxial PPT laboratory model presents better discharge characteristics in view of its higher plasma density and greater thrust.
Introduction
The pulsed plasma thruster (PPT) is widely used as an electromagnetic thruster in attitude adjustment systems for micro-satellites [1, 2] . Previous studies have shown that PPT has promising application prospects because of its high specific impulse, low power consumption and low plume contamination [3] . However, certain issues exist that need to be solved for wide employment of PPT, such as low thrust, low efficiency and a short service life [4, 5] . Therefore, we primarily optimize the structure of PPT and aim to test the feasibility of increasing the efficiency and obtaining higher plasma density and greater thrust.
In this study, we have designed a coaxial PPT laboratory model to discuss the discharge characteristics, including the generation characteristics of plasmas and the average thrust value. The coaxial PPT simplifies the spark plug and realizes flashover discharge because of the strong field strength of the cathode triple junction (CTJ). By optimizing the structures chiefly by designing a thread in the internal surface of the Teflon sleeve and adopting a nozzle-shaped anode, plasmas with higher density and greater thrust were obtained. This study not only improves the existing problems to a certain extent, but also provides a theoretical basis and experimental proof for the study on the generation characteristics of plasmas and thrust with PPT.
Experimental setup
A schematic of the vacuum discharge setup is shown in Fig. 1 . The experimental chamber, containing the coaxial PPT laboratory model, is evacuated using an oil diffusion pump, backed by a rotary vane vacuum pump, yielding an operating vacuum at 10 −4 Pa [6] . The whole experimental system consists of three fundamental parts, including the vacuum system, discharge circuit and measurement system. 
Discharge circuit
A schematic diagram of the pulse discharge circuit is shown in Fig. 2 . The 220 V AC voltages were boosted by a step-up transformer, and the C2 capacitor was charged by a voltage-doubling rectifier circuit. When an ignition pulse was applied to the three-point gap, the gap would be a breakover, leading to the occurrence of discharge between the cathode and the anode [7, 8] . Fig.2 The discharge circuit
Measurement system

Measurement of the discharge current and breakdown voltage
The voltage and discharge current waveforms were measured by two high-voltage probes, settled at both ends of the electrodes, and the circuit is shown in Fig. 2 . There is a quantitative relation between the current-measuring sample signal u and discharge current i, namely i ≈ 150u. The measured discharge current and maintaining voltage waveforms are shown in Fig. 3 . The discharge current waveform was a single negative pulse with 180 A amplitudes and 15 µs periods. The maintaining voltage of the vacuum arc, whose peak value was 240 V, changed over time. The breakdown voltage waveform is shown in Fig. 4 . From Fig. 4 we find that the breakdown voltage waveform is about 100 ns with 10 kV amplitudes. 
Langmuir probe method
To investigate the generation characteristics of the plasmas, the Langmuir probe method was adopted in this study. The schematic diagram of the Langmuir probe system is shown in Fig. 5 . Two Langmuir probes, P1 and P2, were mounted behind the anode in an axial direction. Probe 1 was placed 80 mm away from the end of the anode. We performed discharges five times under a certain probe voltage. The peak value of the electron current was recorded for each discharge and the mean value was calculated and recognized as the final result. The waveform of the electron current with a 20 V probe voltage is shown in Fig. 6 . Through the multi-measurement average method, the measurement results of the electron current could be obtained for different probe voltages, and the V -I characteristics curve could be drawn accordingly, as shown in Fig. 7 . Based on the formula of the Langmuir probe method, the plasma parameters, such as the electron density n 0 , electron temperature T e , and space potential V p , could be calculated. In order to obtain steady electron current waveforms, the voltage stabilization branches were shunted at both sides of the DC power and the sample resistance.
From the measurement we find that there is little difference in the peak values measured in five-time discharges under a certain voltage. For example, fivetime discharge experiments were performed with a 20 V probe voltage, and the measured peak value of the electron current ranged from 48 mA to 52 mA with little change. Therefore, it is reasonable to adopt a multimeasurement average as the final experimental result. By adopting this method, the accuracy and reliability of the experimental results are improved, and the influences of the discharge dispersions on the experimental results are basically eliminated. Fig.7 The V -I characteristic curve
Thrust measurement
To investigate the thrust value with the designed PPT laboratory model, the type ss piezoelectric thinfilm sensor produced by eTouch Company was employed as the thrust measurement element. The structural parameters and the processing circuit of the adopted piezoelectric thin-film sensor are shown in Fig. 8 and Fig. 9 , respectively. The measurements of the thrust and plasma parameters were carried out separately. We examined the thrust data using the same approach as we did in the plasma parameter measurements, i.e., five-time discharges were conducted under a certain discharge condition. Through a series of experiments, we measured the average thrust value with the designed coaxial PPT laboratory model, and the thrust characteristics were analyzed via the measurement results.
The schematic of the thrust measurement system is shown in Fig. 10 . The sensor was placed between the designed coaxial PPT laboratory model and probe 1. Massive amounts of plasma jetted from the back of the anode and hit the surface of the sensor, leading to a small deformation. For this reason, the thickness of the piezoelectric thin-film sensor changed, and the charges related to the thrust value were generated and accumulated on both electrodes of the sensor. A previous study [9] indicates that the average thrust F could be calculated by the following formula, where h is the thickness of the piezoelectric thin-film sensor; L the length of the sensor; L 0 the probe length of the sensor; d 31 the charge sensitivity of the sensor, and C f =100 pF (shown in Fig. 9 ).
(1) Fig.8 The structural parameters of piezoelectricity thinfilm sensor Fig.9 The processing circuit of piezoelectricity thin-film sensor We must point out that we do not take the effect of plasma plume divergence into consideration in the thrust measurement, which means that not all particles impact the film sensor. It is difficult to estimate thrust measurement accuracy in the present experimental conditions. Despite its limitation, this study does suggest that the thrust generated by plasmas ejected from the back of the anode could be taken as a critical indicator in a series of comparative experiments to investigate the impact of the optimal designs based on the PPT laboratory model on the discharge characteristics. Furthermore, the experimental results indicate that the thrust characteristics could be adopted to effectively assess the working performances of these optimal designs.
3 The model
Electrode configurations
The structural diagram of the designed coaxial PPT laboratory model is shown in Fig. 11 . A Teflon sleeve employed as the working substance was connected with a nozzle-shaped anode. A cathode was placed in the cavity of the Teflon and kept in close contact with it, and a thread of 5 mm in length and 0.5 mm in depth was designed in the internal surface of the Teflon sleeve. The cathode and anode materials were both steel. 
The effect of CTJ
Based on previous studies on the vacuum surface flashover, it is widely acknowledged by researchers that the primary reason is the field electron emission affected by CTJ according to the second electron avalanche hypothesis [10] . The cathode and Teflon insulator cannot be in full close contact in the experiment, and the important role of CTJ is presented in the small gap. When materials with different dielectric constants (ε) were put together, equipotential lines move from the area with a high ε value to that of a low one, leading to the increase in the field strength and the occurrence of field electron emission [11, 12] . In this study, vacuum surface flashover occurred because of the strong field strength of CTJ, realizing the plasma jet. The electric field distribution in the coaxial PPT laboratory model was simulated by MAXWELL 3D simulation software. The simulation results are shown in Fig. 12 , when a −14 kV voltage was applied to the cathode, with the anode kept grounded. The field distribution with line 1 along the internal surface of the Teflon sleeve is shown in Fig. 13 . From Fig. 12 and Fig. 13 , we find that the electric field strength of CTJ exhibited a maximum. Fig.12 The electric field simulation of PPT laboratory model Fig.13 The electric field distribution along L1
The initial field electron was emitted from the CTJ and frequently impacted the internal surface of the Teflon sleeve, generating a certain amount of particles and leading to gasification and expansion in the Teflon sleeve [13, 14] . The plasmas were generated by the process of ionization and ablation. A self-induced magnetic field, which was perpendicular to the velocity reversal of the electric field and particles, was created by rapidly changing the alternating electric field between the electrodes. Under the combined action of the electric and magnetic field, the Lorentz force was formed to accelerate the particles [15−17] . Meanwhile, the pressure inside the Teflon sleeve was raised as a result of the sudden surge in the number of particles, and the pressure inside the anode remained relatively lower than that in the Teflon sleeve. The generated plasmas will be accelerated because of the aerodynamic force due to the pressure difference. A thrust with the coaxial PPT laboratory model will be formed by the action of the two above-mentioned acceleration mechanisms.
Advantages and developments
Firstly, the designed coaxial PPT laboratory model simplifies the spark plug compared to the traditional PPT. The flashover discharge can be realized because of the strong electric field in the CTJ. Secondly, a thread is designed in the internal surface of the Teflon sleeve. The thread increases the discharge path and collision times between the particles and the internal surface of the Teflon, so that more plasma will be generated. Thirdly, a nozzle-shaped anode, whose sectional area gradually increases, is adopted in this study. When a certain amount of gas goes through the runner, whose sectional area suddenly increases, part of the mechanical energy will be changed to heat energy because of the rubbing action among the fluid elements [18] . Flow velocities with two types of runner were simulated by Fluent fluid simulation software, as shown in Fig. 14 . From Fig. 14 we find that, firstly, the flow velocity at the end of the nozzle-shaped runner was greater compared to that of the tubular-shaped one. Secondly, the gradient of the flow velocity with the nozzle-shaped runner was lower than that of the tubular-shaped one at a position of 10 mm, as shown in Fig. 14 . Therefore, the nozzle-shaped anode could effectively decrease the mechanical energy consumption and obtain the plasma jet with a greater flow velocity.
Results and discussion
In this study, a coaxial PPT laboratory model was designed and employed. Through a series of comparative experiments, we discussed the impact of optimal designs on the discharge characteristics of the coaxial PPT laboratory model. Probe 1 was maintained 80 mm away from the end of the anode, and capacitor C2 was charged to 14 kV in this experiment.
Thread
In this experiment, a thread of 5 mm in length and 0.5 mm in depth was designed. The cathode went 5 mm into the cavity of the Teflon sleeve, whose pore size was 10.44 mm. Table 1 lists the plasma parameters with or without a thread.
From Table 1 , we find that under the same discharge conditions, plasmas generated by the coaxial PPT laboratory model with a thread exhibited higher plasma density and greater thrust than that without a thread. The initial particles emitted from the CTJ frequently impact the internal surface of the Teflon sleeve [19] during the discharge. The internal surface of the Teflon sleeve is ablated by the high-temperature electric arc, and plasmas are generated by ionization and gasification. For the coaxial PPT with a thread, firstly, the thread is designed to increase the discharge path, so that the collision times between the particles and the internal surface of the Teflon sleeve and the plasma density increase effectively. Secondly, as the plasma density becomes higher, the internal pressure of the Teflon sleeve and the amount of particles accelerated by the Lorentz force become greater. Therefore, the thread not only increases the plasma density, but also optimizes the accelerating effect of both aerodynamic force and Lorentz force.
Pore size of the Teflon sleeve
In this study, two nozzle types of Teflon sleeves with pore sizes of 10.44 mm and 5 mm were employed. Both Teflon sleeves were designed without threads. The structural parameters of the coaxial PPT laboratory model with different pore sizes are shown in Fig. 15 . The cathode went 5 mm into the cavity of the Teflon sleeve. Table 2 lists the plasma parameters for the coaxial PPT with different pore sizes, and the electric field simulation results are shown in Fig. 16 . From Fig. 16 we find that, compared to the smallbore Teflon sleeve, the field strength of the CTJ with the wide-aperture one was greater. What's more, there were more CTJs existing as a result of the larger perimeter in the wide-aperture PPT laboratory model. Based on the second electron avalanche hypothesis for vacuum surface flashover, more initial field electrons were emitted from the CTJ and impacted the internal surface of the Teflon sleeve, so that the discharge was more likely to happen and the plasma density was greater as well.
Relative positions between the electrodes
To investigate the impact of the relative positions between the electrodes on the plasma parameters, the cathode was placed in the cavity of the Teflon sleeve with an overlap of 5 mm and 15 mm, respectively. The pore sizes of both Teflon sleeves without thread were 10.44 mm. Table 3 lists the plasma parameters with the different relative positions between the electrodes, and the electric field simulation results are shown in Fig. 17 .
From Fig. 17 and Table 3 we find that the electric field strength of the CTJ was greater but the plasma density was lower when the cathode went 15 mm into the cavity of the Teflon sleeve. As the pore sizes of the adopted Teflon sleeves were both 10.44 mm, the distributions of the CTJ were identical. However, when the cathode went 15 mm into the cavity of the Teflon sleeve, the discharge path and the collision times apparently decreased, so that the ablation and ionization effect on the Teflon sleeve was weakened and so was the plasma density. Moreover, the lower collision restricted the acceleration effects of both aerodynamic force and Lorentz force. Therefore, the measured thrust value with 15 mm overlap was lower than that with 5 mm overlap. The experimental results indicated that, with the increase in the distance L between the cathode and anode, more collisions occurred between particles and the internal surface of the Teflon sleeve, and thus the plasma density and the measured thrust value were greater. Owing to the actual size and weight restriction for the PPT prototype used in the micro satellite, the distance L between the cathode and anode could not be designed to be long enough [20] . Therefore, for PPT of a certain size, the thread design could effectively increase the distance L, so that a higher plasma density and greater thrust could be obtained.
Comparison of the studied PPT
laboratory model performance level with other PPTs under comparable power release per discharge
It should be noted that this study has examined only the discharge characteristics with a coaxial PPT laboratory model. The PPT prototype has not been developed and investigated in this study. The main aim of the research is to investigate how to further optimize the structure of PPT and obtain better working performances. Through consulting the available literature, the PPT prototype (such as UIUC PPT-7) can release energy from 1 J to 8 J per pulse discharge [21] . Apparently, the PPT laboratory model we designed cannot achieve this in this study.
Firstly, the PPT structure we focused on is a laboratory model with 40 mm length and 20 mm width, rather than a prototype. There are some differences in both the PPT structures and experimental conditions. Secondly, the discharge of our designed PPT was realized with lower discharge power, discharge current, and discharge energy compared to that of the other PPT prototypes. Therefore, the energy released in a single discharge pulse was relatively low in our PPT laboratory model.
Notwithstanding its limitation, this study does suggest that the optimal designs play a vital role in the discharge characteristics of coaxial PPT laboratory models. The ultimate goal of the study is to master a method of how to optimize and improve the working performance through an experimental study of the micro-PPT laboratory model, so that a prototype PPT with better performance and longer service life could be developed.
Conclusions
In this study, a coaxial PPT laboratory model was designed. By using MAXWELL 3D electric field simulation software, the field distribution and the effect of the CTJ were focused on. Compared to traditional PPT, the designed coaxial PPT laboratory model optimized the structures and the discharge characteristics, so that higher plasma density and greater thrust were obtained. Through a series of comparative experiments, the impacts of the thread, the pore sizes and the relative positions between the electrodes on the discharge characteristics of the designed coaxial PPT laboratory model were thoroughly discussed.
a. Vacuum surface flashover discharge was adopted in the design of the coaxial PPT laboratory models by using the strong field strength of the CTJ, which simplified the spark plug and increased the working efficiency compared to traditional PPTs.
b. A nozzle-shaped anode and a thread were employed in this study. A nozzle-shaped anode design reduced the mechanical consumption, which optimized the aerodynamic force effect determined by the pressure difference. The thread design increased the distance path and collision times, and improved the plasma density and accelerating effect. Both designs contributed to the improvement in the working performance of the PPT.
c. The characteristics of the designed coaxial PPT laboratory model could be changed by the pore sizes of the Teflon sleeve and the relative positions of the electrodes. Suitable positions of the electrodes, a higher field strength and greater CTJ presence were essential to obtaining high plasma density and good thrust. The realization of this characteristic PPT may be of considerable interest in a feasibility study for improving the propelling system of micro-satellites.
